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APPARATUS AND METHOD TO IMPLEMENT A FLEXIBLE HUB-SPOKE 
SATELLITE COMMUNICATIONS NETWORK 

BACKGROUND OF THE INVENTION 
1. Field of Invention 

[0001] This invention relates generally to the field of communications. In 
particular, the invention relates to apparatus and methods to implement a flexible 
hub-spoke satellite communications network. 



2. Discussion of the Related Art 

[0002] Conventionally, communication satellites were confined to telephone 
communications. However, all forms of communication are now being relayed by 
geo-synchronous satellites including, but not limited to, voice, data, video, television, 
and radio. Several major industries are heavily dependent upon reliable satellite 
communications service being continuously available. Fig. 1 is an illustration of a 
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conventional satellite communications network in which two satellites provide 
redundancy for communications. Satellites 620 and 640 communicate with ground 
stations 630 located within a region of Earth 610 using a uniform coverage 
distribution methodology. This uniform coverage distribution methodology would 
allow for communications to an entire region of Earth 610, such as, but not limited to, 
North America. If one of satellite 620 or satellite 640 should ever fail, then the other 
satellite takes over its communications function. However, this redundancy is 
expensive to implement since two satellites must be used just in case one fails. 
Further, should demand increase in one location, it may not be possible to 
reconfigure the satellites in orbit to handle the additional load from the increased 
traffic seen in one area. In addition, building excess capacity in a satellite may not 
be possible at the time the satellite is being designed since that may be more than 
one year in advance of launch. There may be uncertainty in market demand at that 
time. 

[0003] One mechanism utilized to overcome the foregoing problems of 
redundancy and capacity has been to utilize multiple feeds to form multiple spot 
beams to target specific locations on Earth 610. Conventionally, only a relatively 
small number of feeds could be placed within a single antenna due to the large feed 
horn size. However, as illustrated in U.S. Patent No. 6,211,835, U.S. Patent No. 
6,215,452 and U.S. Patent No. 6,236,375, assigned to the assignee of this patent 
application and hereby incorporated by reference in their entirety, it is now possible 
to have a large number of spot beams in which each spot beam individually targets 
specific locations on Earth 610 using what is hereinafter referred to as hemispherical 
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earth coverage antenna. Also, different signals can be switched within the payload 
to receive/transmit from/to different feeds. 

[0004] Fig. 2 is an example illustration of spot beams positioned over predefined 
Earth locations in a non-uniform coverage distribution utilizing the previously 
mentioned antenna system. Satellite 710 positions its spot beams 740 to cover 
South America and the east coast of the United States from its position at 47 
degrees west longitude. Satellite 720 in turn has its spot beams 750 distributed to 
cover portions of Asia and Australia. Further, the positioning of the spot beams is 
dependent upon the physical alignment of the feeds in the antenna of the satellite 
and the longitude at which the satellite is positioned in geo-synchronous orbit as 
detailed in U.S. Patent Nos. 6,21 1,835; 6,215,452; and 6,236,375 incorporated 
herein by reference in their entireties. Once the feeds are set within a satellite they 
may not be changed individually to target another geographical location. However, 
unlike a uniform coverage distribution methodology, the spot beams may be directed 
towards those areas where demand is highest and profitability maximized. 
Therefore, the positioning of feeds to generate spot beams is critical in determining 
the profitability of a satellite communications network. 

[0005] Spot beam broadband systems frequently divide the system's capacity into 
beam groups. In a typical system, each group consists of a number of coverage 
regions on the ground and the related satellite resources allocated to serving these 
regions. For hub-spoke networks, there is an uplink generated from one site, the 
gateway. Conventional hub-spoke systems generally require the gateway to be 
within a pre-determined coverage area. The payload on the satellite can have 
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switches to change the location from which a spot beam is transmitted or received, 
and individual examples of switching are common. Systems historically have pre- 
defined how spectrum was to be allocated among the coverage areas and hard- 
wired power-dividers, power-divide modules or other modules were used to allocate 
uplink bandwidth. The problem with this approach is that demand for the system is 
highly uncertain, and it is likely that some cells will have over-allocated resources 
while others will have under-allocated resources. The result is a lower ability to sell 
capacity and sharply lower system revenues. There is a need for a more flexible 
approach to on-orbit, reallocate satellite uplink channel bandwidth among cells in a 
group. 

[0006] While in orbit, satellites need to be tested to ensure they continue to 
perform as expected. This may involve a discrete testing phase in which a satellite 
manufacturer needs to prove that the satellite still functions and performs as required 
by the original specifications. A satellite may need to be proven to function and 
perform properly in order to be declared operational. This testing phase is often 
called an in-orbit test (IOT) phase and may include Receive Gain to System 
Temperature ratio (G/T), Effective Isotropic Radiated Power (EIRP), bandwidth, and 
uplink and downlink carrier to interference (C/l) ratio. 

[0007] Systems with hard-wired connectivity are difficult to test. A conventional 
method for testing a satellite is by transmitting a beam or signal up to the satellite 
and having the satellite relay that signal back down to a ground station or test station 
located on Earth. Parameters of the received signal may then be compared against 
parameters of the signal that was originally transmitted up to the satellite. Traditional 
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satellites may only have a few beams and testing can be performed from one or a 
small number of ground station locations. However, when a satellite is capable of 
receiving and transmitting a large number of beams then logistical problems may 
occur during the testing phase. In such a circumstance, it may be expensive and 
extremely difficult and laborious to test each uplink beam and each downlink beam. 
It may be necessary for each beam to transmit a signal up to the satellite and have 
the signal relayed back down to Earth in a second beam. This may entail an 
exceptionally large number of ground stations or test stations to be positioned at 
different locations around Earth corresponding to each beam under test. This type of 
testing is extremely laborious as it may involve a large number of ground stations for 
transmitting or receiving the beams. On-board test signal generators are also 
known, but this solution is also expensive. It is therefore desirable to provide a 
means for more efficiently testing multi-beam satellites. 

BRIEF SUMMARY OF THE INVENTION 
[0008] The preferred embodiments involve a satellite communications network 
having the maximum feasible bandwidth and on-orbit capacity reallocation capability. 
This general objective is provided by a practical and simple implementation of the 
on-orbit flexibility enabled by modern antenna designs which is low cost, low mass 
and low power. 

[0009] An objective of the preferred embodiments is to provide a hub-spoke 
communications network based on a multi-beam satellite that can on-orbit, for an 
uplink beam, pull off signal information, in real-time from each spot beam within a 



TRW Docket No. 22-0193 



chosen group and input the signal information into a flexible uplink implementation. 
The flexible uplink implementation selects a combination of spot beams and 
processes the desired uplink capacity for each beam. Such a network provides 
maximum bandwidth and on-orbit reallocation of channel capability between spot 
beams in any chosen beam group. 

[0010] The preferred embodiments also seek to eliminate the cost and mass of 
an on-orbit test unit, or the expense of multiple test sites. The preferred 
embodiments provide the ability to test from a single site via connectivity switching. 
[0011] In a first aspect of the invention, the flexible uplink implementation allows 
on-orbit reassignment of uplink bandwidth among a group of user cells. The signal 
from a given spot beam is power divided and routed to a set of switches and a 
multiplexer. The switches and multiplexer may select the signal, filter the signal, and 
combine it with other signals. The combined signal will then be amplified, and 
transmitted via a downlink beam. 

[0012] In a second aspect of the invention, the switches and multiplexer provide 
an inexpensive, on-orbit method to enable a spot beam by spot beam checkout and 
test. The flexible uplink allows connectivity, for test purposes only, of the uplink from 
each cell to the downlink to the same cell. In other words, it allows each cell to act 
as a gateway in terms of uplink signal connectivity. This allows testing of all spot 
beams from a single test site - the site generates an uplink and observes the 
downlink. Performance within each beam is tested by re-pointing the satellite 
antennas in a scan pattern. Each beam can be tested this way in turn by 
repositioning the beams and commanding the appropriate uplink connectivity. This 
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configuration allows the test signal from one earth station to be used to test each 
satellite spot beam one by one. This allows each user beam to look like the gateway 
for the purposes of test. 

[0013] Other objectives, advantages and salient features of the invention will 
become apparent from the following detailed description taken in conjunction with 
the annexed drawings, which disclose preferred embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] The invention will be described in detail with reference to the following 
drawings in which like reference numerals represent like elements and wherein: 
[0015] Fig. 1 is an illustration of a conventional satellite communication network 
having two satellites providing total redundancy; 

[0016] Fig. 2 is an example illustration of spot beams positioned over predefined 
Earth locations utilizing a hemispherical earth coverage antenna; 
[0017] Fig. 3 is a block diagram of the payload circuitry in the example 
embodiments of the invention; 

[0018] Fig. 4 is a diagram illustrating the flexibility of capacity in a satellite in order 
to re-allocate capacity within a geographical area where demand has unexpectedly 
changed; and 

[0019] Fig. 5 is a diagram of the beam group flexibility in the example 
embodiments of the present invention. 

[0020] Fig. 6 is a detailed block diagram of a first example of the Uplink 4:2 
Connectivity Switching 210 in the payload architecture shown in Fig. 3. 
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[0021] Fig. 7 is a detailed block diagram of a second example of the Uplink 4:2 
Connectivity Switching 210 in the payload architecture shown in Fig. 3. 

DETAILED DESCRIPTION OF THE INVENTION 
[0022] The preferred embodiments of the present invention will now be described 
with respect to a multi-beam satellite that includes an input section set to receive a 
plurality of beams in a beam group (from Earth) and an output section set to transmit 
a plurality of beams in a beam group (to Earth). A payload architecture is coupled 
between the input section and the output section. The payload architecture includes 
a flexible implementation to provide a combination of switching and filtering signals 
corresponding to the first plurality of beams (i.e., uplink beams) received at the input 
section and routed to the output section to be transmitted as the second plurality of 
beams (i.e., downlink beams)to give specific desired operational benefits. The 
preferred embodiments are merely exemplary, and are in no way intended to limit 
the invention or its applications or uses. The terminologies of signal, signals, beam 
or beams may be used throughout and are meant to be interchangeable. 
[0023] Before describing details thereof, a brief overview of an exemplary satellite 
payload architecture will be provided. The exemplary satellite payload architecture is 
capable of receiving high frequency uplink beams at a plurality of receive antennas, 
converting the higher frequency to a lower frequency for switching of channels, 
converting the lower frequency signals to a higher frequency, and distributing the 
high power signals to one of the plurality of transmit antennas. 
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[0024] Fig. 3 is a block diagram illustrating electronics in a payload for one beam 
group of a multi-beam satellite according to the preferred embodiments of the 
present invention. The satellite payload may include similar electronics for each of 
the other beam groups. The satellite may include various types of antenna 
structures for receiving and transmitting numerous beam groups, for example eight 
beam groups. For example, there may be a first antenna or antenna set to receive 
uplink spot beams and a second antenna or antenna set to receive downlink spot 
beams. Alternatively, there may one or more shared antenna apertures, each 
receiving and transmitting uplink and downlink spot beams. 
[0025] Fig. 3 shows a first dual-polarization antenna 20, a second dual- 
polarization antenna 30, a third dual-polarization antenna 40 and a fourth dual- 
polarization antenna 50 each to receive uplink beams from Earth in a well-known 
manner. Upon receipt of the uplink signals (such as broadband communication 
signals) at the antennas, the received signals pass through four ortho-mode 
transducers (OMT) 1 10 to eight band pass filters (BPF) 120. The filtered signals 
may pass to eight low noise amplifier down-converters (LNA D/C) 130 that convert 
the received and filtered signals from a higher frequency (such as approximately 30 
GHz in the Ka-band) to a lower frequency (such as approximately 4 or 5 GHz in the 
C-Band). 

[0026] The lower frequency C-Band signals may then be amplified by eight C- 
Band utility amplifiers 140 and proceed to an Input Multiplexer (IMUX) and switching 
assembly 200. The IMUX and switching assembly 200 may include an uplink 4:2 
connectivity switching network 210, which may be a power dividing switching 
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network. Signals output from the uplink 4-2 connectivity switching network 210 may 
be input to either one of the two outbound input multiplexers (IMUX) 220 or to the 4:1 
inverse IMUX 230. The IMUXes 220 outputs 01 , 02, 03 and 04 are connected to a 
C-Band redundancy switching network 310. The 4:1 inverse IMUX 230 output 11 is 
connected to the C-Band redundancy switching network 310. 
[0027] The C-Band redundancy switching network 31 0 outputs are connected to 
five up-converters (U/C) 320. The U/Cs 320 convert the lower frequency signals to 
higher K-band frequency signals (such as approximately 20 GHz) that will be used 
for transmission back to the Earth. The higher frequency K-band signals may then 
pass through five K-band linearized channel amplifiers 330 and five TWTAs 340. 
The five TWTAs 340 are high power amplifiers that supply the transmit RF power to 
achieve the downlink transmission. The five TWTAs 340 output four high power 
outbound signals 0-1 , 0-2, 0-3, 0-4 to the users and one inbound signal 1-1 to the 
gateway (not shown). The K-band redundancy switching network 350 connects the 
outbound signals 0-1 , 0-2, 0-3 and 0-4 to an Output Multiplexer (OMUX) and 
switching assembly 400. 

[0028] The OMUX and switching assembly 400 may include mechanical switches 
41 0 that couple the outbound signals 0-1 , 0-2, 0-3 and 0-4 to outbound 
multiplexers (OMUX) 420. The signals pass through the OMUXes 420 and are 
appropriately distributed to mechanical switches 430. The switches 430 distribute 
the outbound signals to one of the downlink OMTs 510 and the corresponding 
downlink antenna such as a first dual-polarization downlink antenna 520, a second 



10 



TRW Docket No. 22-0193 



dual-polarization downlink antenna 530, a third dual-polarization downlink antenna 
540 and a fourth dual-polarization downlink antenna 550. 
[0029] A power converter unit 1 50 may also be provided to supply DC power to 
the LNAD/Cs 130 and the C-Band utility amplifiers 140. Additionally, one 
centralized frequency source unit 160 supplies a local oscillation (LO) signal to the 
LNA D/Cs 130 and to the U/Cs 320. The power converter unit 150 and centralized 
frequency source unit 160 are shared across all beam groups of the satellite. 
[0030] The IMUX and switching assembly 200 and the OMUX and switching 
assembly 400 operate to appropriately switch and filter uplink signals from any one 
of the uplink antennas 20, 30, 40 and 50 to any one of the downlink antennas 520, 
530, 540 and 550. While Fig. 3 shows one embodiment for the IMUX and switching 
assemblies 200 and one embodiment for the OMUX and switching assembly 400, 
other embodiments and configurations are also within the scope of the present 
invention. The IMUX and switching assembly 200 operates at lower frequency (such 
as 4 GHz) than the OMUX and switching assembly 400. 
[0031] FIG. 4 is a diagram conceptually illustrating the feature of flexibly 
allocating spot beam capacity of a satellite on-orbit in order to increase the capacity 
for a geographical area. This flexible allocation may be desirable, for example, 
because demand has increased in the geographical area. The satellite is depicted 
with four spot beams as typically covered by the feeds located within one or more of 
the antennas of the satellite. As indicated in FIG. 4, each of the signal 01 , 02, 03 
and 04 may be directed to a different geographical area, or all signals may be 
concentrated to any one geographical area. Fig. 4 illustrates an extreme signal re- 
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allocation scenario, and many other combinations of signal distribution are possible. 
Therefore, when demand rises within a particular area it is possible to have 
additional signals routed to the higher demand area, while taking signals away from 
other areas in the beam group. Altering the group of feeds which are active at any 
given moment time can be done utilizing commandable switches on-board the 
satellite. For instance, two transponders could be provided to a high-priority beam 
and one transponder could be allocated to each of two lower-demand beams. These 
configurations can be changed on-orbit. 

[0032] As discussed further below with respect to Fig. 5, the satellite in the 
preferred embodiments has eight independent beam groups, each of which provides 
coverage to four ground cells, for a total coverage of 32 ground cells per satellite. 
Each beam group has a single active gateway, four outbound transponders, and one 
inbound transponder. The design is modular, easily accommodating additional 
beam groups to provide even greater coverage. 

[0033] The payload architecture allows the distribution of the four outbound 
transponders in a group among up to four beams. Capacity can be concentrated in 
one beam, spread among several beams, or spread evenly among all four beams. 
The distribution can be changed on-orbit. The satellite in the preferred embodiments 
is a hemispherical earth coverage satellite for use with broadband communications, 
such as for the Internet. The satellite may include numerous antenna structures 
(such as disclosed in U.S. Patent No. 6,236,375) that have a large number of spot 
beams. 



12 



TRW Docket No. 22-0193 



[0034] Each beam group supports users in any or all of the four cells in the group 
and an active gateway in one of two cells in the group. This connectivity is labeled 
"4:2", as the outbound capacity is distributed among four beams and there are two 
possible locations for the gateway. In contrast, a "2:1" connectivity allocates the four 
outbound transponders among two beams, and there is one location for the gateway. 
The additional hardware needed to deliver 4:2 connectivity is minor since modern 
antennas accommodate 32 or more beams without modification to the antenna or RF 
optics. By providing consistently good performance to all beams, this antenna 
enables the 4:2 flexibility approach by delivering a large number of useful beams. 
[0035] The 4:2 connectivity can be configured on-orbit to provide all the 
functionality of the 2:1 connectivity simply by choosing to allocate the four outbound 
transponders among just two beams and selecting a gateway location. But the 4:2 
connectivity offers useful allocations beyond those possible with 2:1 connectivity. 
Capacity can be spread evenly among the four beams if desired, as illustrated on the 
left side of Fig. 4. The capacity can also be concentrated into just one cell, as 
illustrated on the right side of Fig. 4. There, of course, can be intermediate 
allocations with capacity divided among two or three beams. 
[0036] By allowing capacity to be spread over four cells, the four-beam grouping 
provides much greater flexibility in deploying coverage and distributing capacity than 
two-beam groupings. The connectivity capitalizes on the hemispherical and other 
wide-field-of-view antennas by doubling the coverage per satellite to cover a broad 
area initially with lower capacity density. This broad initial capacity provides fast time 
to market and low initial costs by reducing the risk of under-utilized capacity and 
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providing broad service with a minimum number of satellite launches. A 2:1 
architecture sharing four outbound transponders between two beams requires that 
initial capacity be deployed more densely and therefore requires more satellites to 
complete the coverage. The 4:2 design can be configured for a two-beam grouping 
by assigning transponders to the appropriate subset of beams, it offers the flexibility 
to pursue a continuum of deployment scenarios with varying emphasis on capacity 
density and coverage. The on-orbit flexibility enables the re-allocation of resources 
as the communications market evolves and the rollout of services progresses. 
[0037] As shown in Fig. 5, each of the eight beam groups provides simultaneous 
two-way communication between a single active gateway in one of two cells and all 
user terminals in any of four cells. For each beam group, the active gateway may be 
located in either the Primary A cell or the Primary B cell. Gateway selection is 
commandable on-orbit, enabling on-orbit service restoration if required. For traffic 
outbound from the gateway, the payload receives a dual-polarization uplink from the 
active gateway and downlinks each of the four outbound channels (designated 0-1, 
0-2, 0-3, 0-4) to user terminals in any of the four ground cells. The example shown 
in Fig. 5 illustrates each ground cell receiving one outbound channel; however, the 
payload architecture in the preferred embodiments has the flexibility to route one, 
two, three, or four outbound channels to any single ground cell, thereby re-allocating 
capacity on-orbit. 

[0038] For traffic inbound to the gateway, the payload architecture receives four 
sub-channel uplinks (designated 1-1 a, 1-1 b, 1-1 c, and 1-1 d in Fig. 5) from the users in 
up to four ground cells, corresponding to the four outbound channels. The payload 
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architecture multiplexes the four sub-channels and routes the combined signal to the 
active gateway. Fig. 5 assumes that an 0-2 outbound channel has a corresponding 
1-1 a inbound sub-channel, 0-4 corresponds to 1-1 c, 0-1 corresponds to 1-1 b, and O- 
3 corresponds to 1-1 d. However, the payload architecture has the flexibility to 
change the mapping between outbound channel and inbound sub-channel based on 
ground commands. 

[0039] For outbound processing, the multi-beam antenna receives the dual- 
polarization gateway uplink from either the Primary A or the Primary B cell. The 
signal on each polarization is down-converted to C-band, amplified, and channelized 
by a 1 :2 I MUX, generating four channels: 0-1 , 0-2, 0-3, and 0-4. Each of the four 
channels is then up-converted, gain-controlled, and amplified by a linearized TWTA. 
The OMUX and Switching Assembly switches and combines the outbound channels 
as necessary to provide between zero and four channels to each ground cell in the 
beam group. The signals are then routed to the downlink antenna for transmission 
to one, two, three, or four cells within the beam group. 

[0040] Four user uplink inbound sub-channels are received by the multi-beam 
antenna from either one, two, three, or four of the cells within the beam group. The 
four sub-channels are routed to 4:1 switches and then to a 4:1 inverse IMUX, where 
they are combined into one 1-1 channel. The 1-1 channel is up-converted, gain- 
controlled, and amplified by a linearized TWTA. The OMUX and Switching 
Assembly combines the 1-1 channel with the appropriate outbound channel, and then 
switches the signal to the downlink feed servicing the gateway ground cell. 
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[0041] Fig. 6 shows a first example of the details of the Uplink 4:2 Connectivity 
Switching 210 in the payload architecture of Fig. 3. This uplink implementation 
allows flexible uplink connectivity and coverage with minimal impacts on the 
complexity of the payload architecture and no impact on performance. 
[0042] The signal from each spot beam is power divided in a 1 :3 power divider 
(PD) circuit or 1 :2 power divider (PD) circuit. It is then routed to the switches 
comprised of 2:1 switches (SW) and 4:1 switches (SW). The switches select which 
uplink signal is subsequently filtered, amplified and transmitted via the downlink as 
shown in the payload architecture of Fig. 3. 

[0043] As discussed above, this flexible uplink implementation allows a gateway 
to be in either of two cells in a group of four cells. User bandwidth can be collected 
among all four cells, in one cell, or any combination inbetween. The flexible uplink 
implementation allows on-orbit assignment of bandwidth and connectivity. 
[0044] The switching matrix also provides an inexpensive, on-orbit method to 
enable a spot beam by spot beam checkout and test. A second example of the 
Uplink 4:2 Connectivity Switching of Fig. 3 is shown in Fig. 7. It allows connectivity, 
for test purposes only, of the uplink from each cell to the downlink to that same cell. 
[0045] The extra power division and switching circuits allows the spot beam of 
any secondary cell (instead of just primary cells) to act as a "gateway" in terms of 
uplink signal connectivity for test purposes. This allows testing of all spot beams 
from a single test site - the site generates an uplink and observes the downlink. 
Performance within each beam is tested by re-pointing the satellite antenna structure 
in a scan pattern. In the case of separate first and second antennas or antenna sets, 
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the antenna or antenna sets are repositioned. In the case of one or more shared 
antenna apertures, the shared antenna aperture(s) is repositioned. Each beam can 
be tested this way in turn by repositioning the spot beams and commanding the 
appropriate uplink connectivity. This configuration allows the test signal from one 
earth station to be used to test each satellite spot beam one by one. This allows 
each user beam to look like the gateway for the purposes of test. 
[0046] The result is an inexpensive and light method of enabling beam-by-beam 
testing and checkout of the payload architecture. It avoids the need for an on-board 
test unit and saves money and mass. It avoids the need for multiple ground stations 
during testing. There are resulting large savings in time and money during the in- 
orbit testing phase. 

[0047] While the invention has been described with reference to specific preferred 
embodiments, the description of the preferred embodiments is illustrative only and is 
not to be construed as limiting the scope of the invention. Various other 
modifications and changes may occur to those skilled in the art without departing 
from the spirit and scope of the invention. 
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